Abstract -A synoptic, hydrographic data set comprising 32 full depth CTD casts and 2500 CTD/SeaSoar profiles to 500 m is used to describe the θ/S properties and circulation of Central Water east of the mid-Atlantic Ridge and between 39°N and
INTRODUCTION
Northeast of the Azores there is a region of weak circulation, bounded to the north and south by the North Atlantic Current (NAC) and the Azores Current respectively, and to the east and west by Europe and the mid-Atlantic Ridge. If we take the subpolar gyre to be bounded to the south by the NAC, and the subtropical gyre to be bounded to the north by the Azores Current, then the weak circulation region is an intergyre zone.
However, POLLARD and Pu (1985) reviewed the circulation of this region and concluded that the saline upper layer, shallowing to the north, was the northern outcrop of the anticyclonic, subtropical gyre, with weak eastward to southeastward circulation in much of the region. This paper re-examines the circulation using a new, synoptic (collected over six weeks) data set and reaches rather different conclusions.
The upper 500 m of the intergyre zone is entirely occupied by North Atlantic Central Water (NACW). Central Water is the body of water in the upper 500-1000 m of the ocean whose well-defined T/S characteristics have been formed primarily by air-sea interaction across a wide band of latitudes (ISELIN, 1939) . It has long been recognised (HARVEY, 1982; ISELIN, 1936; RIOS, PEREZ and FRAGA, 1992) that Central Waters in the eastern North Atlantic are more saline, usually by less than 0.1 (in salinity at a constant temperature) than those in the western North Atlantic, giving rise to the terms Western North Atlantic Water (WNAW) to describe Central Water with the characteristics found in the Sargasso Sea, and first described by ISELIN (1936) , and Eastern North Atlantic Water (ENAW) for the more saline variety (HARVEY, 1982) . HARVEY (1982) and others ascribed the higher salinity of ENAW to the influence of Mediterranean Water (MW). POLLARD and PU (1985) showed that air-sea interaction, in particular winter mixing, was a more likely cause, at least for densities σ θ less than 27.3 kg m -3 . ARHAN (1990) later invoked downward pumping of salt from NACW to each line vary. Note that the western boundary of the Vivaldi survey area, line W, is close to section F in MCCARTNEY and TALLEY (1982) and the western TOPOGULF line (e.g., ARHAN, 1990 ) (see Fig. 1 ).
To provide an overview of the upper ocean circulation, the volume transport of the upper 2000 m referenced to 2000 m is contoured in Fig. 2 from the CTD cast data.
While the 300 km separation of CTD casts does not resolve mesoscale eddies nor conform to the WOCE standard (50 km or less), it was logistically necessary in order to swop between CTD station work and towed SeaSoar only about once per day.
Nevertheless, Fig. 2 provides a guide to the mean circulation within which to interpret the more detailed SeaSoar data which will later confirm and extend the following description.
The NAC enters the survey area across line W north of 48°N carrying over 20 Sv (1 Sverdrup = 10 6 m 3 s -1 ), although the CTD casts do not resolve the northern and southern branches (HARVEY and ARHAN, 1988) . The NAC appears to recirculate entirely to the north, and over 30 Sv cross 54°N. No more than 25 Sv of this northward transport can be attributed to the NAC (SY, SCHAUER and MEINCKE, 1992) , and Fig. 2 indicates that the NAC turns north primarily between 20-25°W, with the remaining 5-10
Sv entering the Rockall Trough east of 20°W. Southeast of the NAC, several station pairs (A48-B48, A45-B45, Z45-A45) east of 20°W show southward transport of up to 12 Sv, but across 42°N the transport is weakly northwards between Y42 and B42 (8 Sv).
Thus the southward flow recirculates anticyclonically around 45°N, 15-20°W. In the southwest comer of the survey area, the circulation is poorly resolved by the widely separated CTD casts, but there appears to be further anticyclonic circulation around X42
and southeastward flow past W39, the southwestern corner of the survey area.
Despite its coarseness, this description is consistent with recent papers that describe the upper ocean circulation northeast of the Azores. SY (1988) found that the NAC system changed its general direction towards the north after crossing the Mid-Atlantic Ridge, and that there was no significant southward turning of the flow (DIETRICH, KALLE, KRAUSS and SIEDLER, 1975, their Fig. 10 .50, p 520) which could be interpreted as being part of the Gulf Stream recirculation. SCHMITZ and MCCARTNEY (1993) , from the very small transports to the south across the line from the Azores to Portugal (STRAMMA, 1984; SY, 1988) While little attention has been drawn to it, there is substantial evidence from several data sets that there is westward flow across 20°W between 40°N and 45°N. POLLARD and PU (1985) , describing IGY data, noted the weakness of eastward flow between about 40°N and 46°N. In fact, their Fig. 3 shows isopycnals sloping downwards to the north at longitudes from 10°W to 30°W, indicating westward baroclinic transport (and SY (1988) concluded that the barotropic component in the region was negligible).
Recent hydrographic sections along 20°W in 1988 (TSUCHIYA, TALLEY and MCCARTNEY, 1992 ), 1989 (KING, ALDERSON, BACON, GWlLLIAM, HIRST, PAYLOR, READ and SWALLOW, 1991 READ, POLLARD and HIRST, 1991; READ, POLLARD and KING, personal communication) and 1991 (this paper) all show westward baroclinic flow (relative to deep levels of no motion) between about 40°N and 45°N (also remarked on by PAILLET and ARHAN (1996) . SeaSoar data will confirm this conclusion in Section 4.1.
SeaSoar data
The SeaSoar, containing a Neil Brown Mark 3 CTD, was towed along 10000 km of track between the CTD stations ( Fig. 1) , profiling from the surface to a depth of 500 m and back every 2.5 km. The SeaSoar was basically as described by POLLARD (1986) GROHMANN, 1992 ) to achieve an absolute calibration better than 0.01 throughout, and better than 0.005 for 97% of the data. The SeaSoar data were then reduced by averaging onto a 4 km (horizontal) by 8 m (vertical) grid, resulting in over 2500 CTD profiles to 500 m at 4 km intervals. The majority of the SeaSoar tracks were nearmeridional, running along the six tracks W through B ( Fig. 1) with Line Z exactly north-south along 20°W.
Sections of potential temperature (θ), salinity (S) and density (σ 0 ) are shown in Fig. 3 for all six meridional lines W through B. These plots show the structure of the top 500 m in unprecedented detail. Note first that there are plenty of features which can be traced zonally from one line to the next, such as the thermostad of 12.0°C-12.5°C water on lines Y (about 24°W) and Z (20°W) between 41°N and 47°N. Thus, although the 300 km separation of the lines does not allow mesoscale activity to be zonally traced, the evolution of the large-scale structure from west to east can be followed, though not always easily.
Note too the temporal development of the seasonal thermocline, which masks the Mode Water structure in the top 50-100 m. The portions of the lines south of 48°N were occupied from east to west ( Fig. 1 ) from 27 April (B48) to 15 May (X39), prior to a mid-cruise break in the Azores. Line W and the portions of the lines north of 48°N were occupied from west to east from 19 May (W39) to 8 June (A54). Thus the time gap between occupations of the southern and northern halves of each line is greatest for line A, where it is over a month (3 May to 5 June). The discontinuity in the seasonal thermocline at 48°N on line A is clearly apparent in temperature and density (but not in salinity, as the seasonal effect is primarily heating). Beneath the seasonal layer, in the depth range 50-500 m, the only line which shows a significant discontinuity at 48°N is line A. The northward deepening of the 11°C and 11.5°C isotherms at that latitude is an artifact. On the first leg, these isotherms rose rapidly to the north at 47.8°N, on the second leg they rose at 48.8°N. HARVEY and ARHAN (1988) , using data from the French-German TOPOGULF programme in 1983 and 1984, identified northern and southern branches of the NAC.
They defined the southern branch as the northern limit of "pure" NACW and the northern branch as the southern limit of outcropping SAIW. SY (1988) Between lines Y and Z (20°W) the NAC turns northwards (Fig. 2) and continuity of the fronts from Y to Z is less obvious. At a depth of 300 m along 20°W, there are sudden temperature changes from 8°C to 9.5°C at 52.6°N and from 9.5°C to 11°C at 50°N, but the slopes of isopyncals at those latitudes ( Fig. 3c ) are much reduced, so eastward transport is weaker. We defer detailed discussion of how the NAC turns until the θ/S relations and anomalies from them have been derived in the next section.
The two fronts so far introduced are not the only ones apparent in Fig. 3 in salinity at constant temperature). We shall refer to it as the V91 (VIVALDI 1991) θ/S curve, to emphasize that it is appropriate for 1991, but not necessarily for other years.
The significance of the V91 curve will be examined in the next section.
Across the whole survey area, Fig. 5 shows that the θ/S relation becomes gradually more saline at any given temperature from west to east. The θ/S curves tend to remain parallel to the V91 curve, but by 12°W (line B) they are about 0.08 more saline. In order to explore the relationship between fresher WNAW and more saline ENAW, we define the salinity anomaly as the excess, at a given temperature, of the salinity over the V91 value (Fig. 7) . It is clear from Fig. 7 Fig. 3c ) with the salinity anomalies in Fig. 7 . On all three lines, the water between these two fronts has salinity anomalies from V91 of less than 0.02 (positive or negative) with temperatures ( Fig. 3a) ranging from 11.5°C down to 7.5°C.
Thus V91 is the θ/S relationship for WNAW flowing east in the NAC. At the southern end of line W, where 17 Sv flows eastward between W39 and W42 (Fig. 2) The differences between classical WNAW and 131, though small (Table 1) , are, we believe, significant. Above 10°C, 131 differs only slightly from the Sargasso Sea WNAW (Table 1) , being no more than 0.03 more saline in the temperature range 14°C-11°C. We suspect that the higher salinities of 131 relative to Iselin's WNAW are caused by slight influence of ENAW even at 30°W, as will become apparent when we discuss the circulation in several density ranges (section 4). More significantly, 131 salinities below 10°C are fresher than WNAW by as much as 0.12, reflecting the fact that by the time Sargasso Sea water reaches 30°W it has been freshened by the addition of SubArctic Intermediate Water (SAIW), as Iselin himself discussed. The reason why we prefer 131 to WNAW for comparison with V91 is that I31 is more weighted to the upper layers at temperatures below 10°C, so matches V91 in both location (NAC) and depth (0-500 m).
At low temperatures the V91 θ/S curve enters the diamond (Fig. 6 ) which defines SAIW (HARVEY and ARHAN, 1988) , and water with SAIW characteristics is clearly apparent on lines W, X and Y ( Fig. 5 ) north of the northern branch of the NAC (Fig. 3 ).
Note in particular the salinity minimum (salinities less than 34.9) on Fig. 3b , confirming than Front N is the southern limit of outcropping SAIW (SY, 1988) . It is noteworthy that the dense scatter of SAIW points apparent in SeaSoar data ( Fig. 5) is not mirrored in the θ/S scatter plots from the full-depth CTDs (Fig. 8 ). While SAIW is present in the upper 500 m in sufficient quantity to provide the low salinity endpoint for the V91
Mode Water θ/S curve, the CTD data confirm that the low salinities are quickly mixed away once SAIW subducts beneath the NAC, as first noted by ISELIN (1936) and more recently by ARHAN (1990) . Indeed, SAIW is not itself a Mode Water formed by convective processes (ARHAN, 1990) , but "issues directly from the western boundary current of the subpolar gyre." In support of this statement, the lowest salinities in Fig. 8 in the temperature range 4°C-7°C all come from CTD W51, where the flow in the northern branch of the NAC is strongly advecting water from the west. We may remark in passing that the freshest Labrador Sea Water (LSW) in Fig. 8 , a distinct cluster of points around 3.3°C, 34.86, also comes from W51, showing that LSW is also advected east in the NAC (CUNNINGHAM and HAINE, 1995a) .
In summary, the last few paragraphs show that, at temperatures above 10°C, the NAC carries unmodified WNAW eastwards. Below 10°C, both V91 and I31 are fresher than WNAW, with nearly straight line θ/S relations trending towards SAIW. The presence of this straight line relationship in the upper layer and SeaSoar data, but not in CTD data from underlying waters, shows that the θ/S relationship is primarily created by horizontal mixing in the surface layers, probably caused by eddy transports interacting with horizontal Ekman transports.
Comparison of I31 with V91 (Table 1) shows that the two θ/S curves are nearly parallel from 16°C down to 8°C, being more saline by 0.05-0.08 in 1991 than in 1931. It is beyond the scope of this paper to consider the temporal progression of changes in WNAW carried by the NAC. We know that its characteristics do change (DICKSON, MEINCKE, MALMBERG and LEE, 1988) , and examination of data presented by ARHAN (1990) and by SY, SCHAUER and MEINCKE (1992) from TOPOGULF in each of the years 1981, 1982, 1983 and 1984 shows that the θ/S curve for the NAC was fresher than V91 throughout. It is sufficient for our purposes to argue that the water carried by the NAC is in all years no more saline than it was in 1991 (V91), so cannot be responsible for the more saline ENAW by advection alone.
Comparison of V91 with the θ/S curve for ENAW ( for ENAW found during Vivaldi, which is 0.08-0.10 more saline than V91.
Using θ/S relationships to deduce the circulation
The area within which the absolute value of the salinity anomaly is smaller than 0.02 may be used to trace the path of the NAC northwards as well as eastwards. North of and +0.02. This is consistent with the NAC turning northwards as shown by our geostrophic transport calculations (Fig. 2) . On line Y there is an eddy-like region between 52.8°N and 53.6°N in which temperatures are warmer than to the north, south and west (Fig. 3a) , and where the salinity anomaly is less than +0.02. This indicates V91 water from between the two NAC branches, so we have contoured the northern branch in Fig. 2 as turning northwards along line Y. By 20°W (line Z), the only latitudes for which the salinity anomaly is within 0.02 of V91 are from 50.2°N to 50.9°N and from 53.2°N to 53.8°N (Fig. 7) . Thus the southern branch of the NAC has turned north at or just west of 20°W, consistent with the circulation pattern developed by ELLETT (ELLETT and BLINDHEIM, 1992; ELLETT, EDWARDS and BOWERS, 1986 ).
This conclusion is substantiated by examining the west to east SeaSoar section along 54°N from Y54 to Z54 (Fig. 1) , shown in Fig. 9 . The "northern" (now western) branch of the NAC is clearly revealed at 23.6°W by a sudden increase (from west to east) in thickness between isopycnals 27.25 and 27.3 kg m -3 ( Fig. 9c ) and the salinity anomaly ( penetrates no further than 25°W (line Y). However, centred on 49°N, north of this fresh wedge and immediately south of the southern NAC front on lines X, Y and Z, we note that the water is anomalously saline. We shall argue that this is a result of westward penetration of ENAW along 49°N.
Significantly, patches of high salinity anomaly relative to surrounding water correlate in nearly all cases with pycnostads, i.e. patches of water more weakly stratified than surrounding water. Examples are shown in Fig. 10 . This correlation clearly favours the hypothesis that enhanced salinity of ENAW is caused by air-sea interaction (POLLARD and PU, 1985) . Areas of weak stratification in most cases originate from deep winter mixing, and JENKINS (1982) has described the mechanism by which salinity on an isopycnal (or in our case isotherm) is enhanced. It is not that salinity itself has increased very much, although evaporation does contribute. The major cause is anomalously large winter cooling, which drops the temperature and increases the density beyond the values reached in the previous winter. It is the density which has changed, not the salinity. The
Central Water θ/S curve representing winter mixed layer values drops along its length to a lower temperature, so the salinity becomes larger for a given temperature. The effect has recently been modelled by NEW and BLECK (1995) . The temporal development of the salinity anomalies in the northeast Atlantic between 1988 and 1991 are discussed in a companion paper (READ, POLLARD and KING, personal communication) . Note that care must be taken in the interpretation of isopycnic properties in this case, as the density itself is changing. It is for this reason that we have preferred to define salinity anomalies ( Fig. 7) at constant temperature rather than at constant density.
The conclusion that the enhanced salinity of ENAW derives from winter cooling is an important one, so let us examine whether the correlation between enhanced thickness and enhanced salinity anomaly holds everywhere. The correlation is convincingly shown (Fig. 10 ) by examining salinity anomalies (Fig. 7) wherever the separation between adjacent isopycnals (Fig. 3c) between Fronts S and N on Fig. 3c , densities 27.2-27.3 kg m -3 , for which the θ/S relation is, if anything, fresher than for waters to the south. Isopycnals in this density range drop rapidly below 500 m at the southern NAC front, so cannot be easily followed from SeaSoar data alone. However, examination of θ/S profiles south of the NAC from CTDs (Fig. 8) tend to show increasing salinity because of the influence of Mediterranean Water.
In summary, Vivaldi 1991 evidence is that ENAW forming in the survey area south and east of the NAC has had its salinity anomaly at constant temperature increased by winter cooling. There is no evidence for enhanced salinities in the weakly stratified water entering the survey region from the west in the NAC. We infer that advection in the NAC is sufficiently rapid that SAIW influence there dominates over local winter cooling.
PYCNOSTADS
We now examine the circulation in more detail by examining several pycnostads separately, using the information that areas of weak stratification and positive salinity anomaly originated from winter Mode Water formation. The reader should refer primarily to the salinity anomaly Fig. 7 , to which isopycnals taken from Fig. 3c have been added, but cross-reference to Figs 3 and 10 will also be helpful. We begin with the pycnostad which contains the largest volume of Mode Water, and which also is contained within the Vivaldi survey area. The units of density (kg m -3 ) will mostly be omitted, for brevity.
4.1. Density range 27.05-27.15
In this density range (the two lightest shades of green in Fig. 3c ), temperatures mostly lie between 11.5°C and 12.5°C (Fig. 3a) . we feel that the ages of HAINE, WATSON and LIDDICOAT (1995) must be treated with caution, as the salinity anomaly at B42 (Fig. 7) is greater than 0.06, which in our interpretation suggests recent (previous winter) ventilation. On line Z, likewise, Z42 lies close to the southern limit of Mode Water (Fig. 3c and Fig. 4 ) reaching to over 250 m deep. Nevertheless, the large increase in ventilation age from 4 years to 10 years or so from 42°N to 39°N on lines Y and Z strengthens the argument that there is little southward ventilation.
There are two ways in which this conclusion can be reconciled with the southward ventilation discussed by MCCARTNEY and TALLEY (1982) and the numerous earlier authors whom they reference. One is that the circulation pattern in recent years is different from what was apparent in the historical data they described. The other is that the pycnostad ventilation path is more contorted than previously appreciated, running westwards at around 40°N, but curving back to the south and east somewhere in the vicinity of the Azores. We have already noted in section 2.1 the evidence that westward flow across 20°W between 40°N and 45°N is not a new phenomenon, so we are reluctant to invoke temporal changes in circulation. Also MCCARTNEY and TALLEY (1982) , comparing zonal sections along 32°N, 36°N, 40°N, 43°N, 46°N and 48°N, remark that "in the northern four sections the pycnostad is strong, at 36°N it is noticeably weaker, and at 32°N it is barely discernable." This is consistent with a contorted path carrying the stad from 40°N to 36°N, so that the water at 36°N is considerably older and the weaker stratification largely mixed away. So a contorted path seems the more likely explanation. Despite the 10 year ventilation ages at 39°N, there is a noticeable thermostad (Fig. 3a) 45°N ). There is a positive salinity anomaly in these regions also, so that westward ventilation as far as 45°N, 30°W is indicated, as we shall discuss further in the next section (4.2) where we describe the lighter stad which overlies the stad presently under discussion. On line X, the most weakly stratified region for this stad is centred on 49°N, where it occupies the upper 400 m. We shall discuss this further in section 4.4.
4.2. Density range 27.00-27.05
The area within which this pycnostad appears to have been formed recently by winter mixing lies round the southern and western edge of the 27.05 < σ 0 < 27.15 pycnostad discussed in 4.1. Temperatures in this density range are typically between 12.5°C and 13.0°C. It is helpful to examine surface salinities in the range 35.8 < S < 35.9 (shaded orange in Fig. 3b ). This pycnostad is most prevalent immediately below the seasonal It is interesting that, on lines Y and Z, south of 41°N, the salinity anomaly for this pycnostad is weaker than for both lighter, overlying (section 4.3) and heavier, underlying (section 4.1) water. This will be discussed in section 5.
Densities less than 27.00
While water with densities less than 27.00 kg m -3 (shades of dark green and blue in 11.5°C-12.0°C, and the stad is simply a slightly denser northward extension of the major stad described in 4.1.
However, there is also a westward extending stad in this density range, apparent on lines X, Y, Z and A north of 47°N-48°N, which is less easy to explain. In addition to the southern and northern branches of the NAC, there is a third distinct density front ( temperatures. Yet the salinity anomaly displays two new characteristics. It reaches larger values (greater than 0.10) than for any of the density ranges so far described (marked on Fig. 6, 10°C-11°C ), and it increases downwards. Downward increase has been noted before, but only in a few places where there has been weak subduction of saline ENAW. In the present density range it is much more marked, For example, on line A, at 51.5°N say, the salinity anomaly increases from 0.06 at a depth of 50 m to over 0.10 at 250 m. Close examination of the θ/S curves (closer than is possible using
Figs 5 and 8) reveals a zig-zag pattern with a series of short θ/S segments parallel to the V91 curve, stepping sharply with depth to a greater offset. Details of the mixing process will be described in a separate paper in preparation. Here our concern is to identify the deep source of more saline water.
Winter mixing at the entrance to the Rockall Trough can be very deep, 500 m and more (MEINCKE, 1986 ), so we could invoke mixing with Mediterranean Water, which is apparent in Fig. 8 for densities greater than 27.20 kg m -3 . However, Fig. 8 shows that admixtures of Central Water and LSW could also cause the salinity anomaly to increase with depth. Salinity decreases downwards for the θ/S traces between the two lines marked in Fig. 8 , but the salinity anomaly increases with depth because the traces diverge from the V91 line. So we must examine the geographical distributions of MW and LSW more carefully.
The solid lines in Fig. 8 divide the θ/S traces into three regimes. Traces between the two lines show no clear preference for high (MW) or low (SAIW) salinities, and these traces come from CTDs W42, W45, X45, Z48 (above 7°C), Z51 (wider scatter), Z54 and A54
(wider scatter). On line Y, Y45 is saltier, Y48 is fresher than these median traces. From (1988) and hence "modified" NACW between the main branches of the NAC discussed in detail by ARHAN (1990) .
The terms "pure" and "modified" Central Water were introduced by HARVEY and ARHAN (1988) to describe meridional variations in the vicinity of the Mid-Atlantic Ridge, with "pure" characterizing the averaged θ/S diagram of the TOPOGULF stations and "modified" the significantly fresher water they found between the two branches of the NAC [ARHAN, personal communication] . We have shown that the Central Water in the eastern basin south of the NAC is not "pure", but is a mixture of WNAW and ENAW, in proportions varying from west to east. We recommend that use of the word "pure" should be dropped in favour of the regional nomenclature, WNAW and ENAW as used in this paper.
Water in the NAC, here called V91, matches neither of these definitions. It is primarily WNAW, but is fresher below 10°C than WNAW because of the addition of SAIW from the Labrador Current. HARVEY and ARHAN (1988) and ARHAN (1990) refer to it as "modified NACW". However, a similar term, Modified North Atlantic Water (MNAW)
is in common usage to describe water in the region of the Iceland Faroe Ridge (BECKER and HANSEN, 1988) , so another term is desirable. Not wishing to introduce a new definition for what is basically WNAW, though freshened by SAIW below 10°C, we shall simply refer to it as "freshened WNAW" in this discussion.
The term NACW is a generic term covering all three Central Water types described, WNAW, ENAW and freshened WNAW, with a range of θ/S properties. These three types of NACW cannot always be distinguished by differences in their θ/S properties, because they change from year to year, and it is this which has led to confusion between them. WNAW has the most stable properties for densities greater than 27.0 kg m -3 (JENKINS, 1982) , because it occupies a large volume of the recirculating subtropical gyre, where it is found beneath the seasonal thermocline, and is the end product of ventilating Mode Waters (MCCARTNEY, 1982) . WNAW lighter than 27.0 kg m -3 displays as much temporal variability as ENAW described here, and for identical reasons (JENKINS, 1982) , but we are here concerned primarily with the denser values.
ENAW is variable in its characteristics, because it is restricted to the anticyclonic gyre northeast of the Azores that we have described, is modified annually by winter convection, and subducts only weakly to the south in the vicinity of the Azores to influence the θ/S characteristics of WNAW around 11-12°C. The weak subduction of ENAW is probably related to the weakness of the wind stress curl in its formation region, which lies only just southeast of the line of zero wind stress curl (e.g. LEETMA and BUNKER, 1978) , plotted on Fig. 12 of MCCARTNEY (1982) . Freshened WNAW is only found in the NAC. Its θ/S properties too are variable (Fig. 6, V91 v.131, also DICKSON, MEINCKE, MALMBERG and LEE, 1988) because of long term changes in the properties of its parent water masses, WNAW and SAIW.
Mixing between these three types of NACW must occur, because their θ/S relationships are so similar, but is restricted to several geographic locations. WNAW mixes with water from the Labrador Current east of the Grand Banks to create freshened WNAW.
Recirculation west of the mid-Atlantic Ridge (CLARKE, HILL, REINIGER and WARREN, 1980; MCCARTNEY and TALLEY, 1982) will therefore tend to freshen There is strong mixing between NAC water and ENAW at the southern entrance to the Rockall Trough where the NAC turns to the north. Deep winter mixing in the same area and south of it increases the salinity anomaly of ENAW both by cooling and by entrainment of MW. ENAW was particularly salty in 1991. In other years, winter cooling will be weaker than average and mixing less deep. ENAW salinities will then tend to freshen back towards WNAW or freshened WNAW values, because of the strong mixing with advected NAC water, as occurred during the Great Salinity
Anomaly (DICKSON, MEINCKE, MALMBERG and LEE, 1988) . Central Water south of the NAC may also be freshened by southward Ekman transport of fresher surface water by the prevailing westerly winds (BAUER, LEACH and WOODS, 1991; LEACH, 1990) . However, ENAW will always be more saline than WNAW because the small input of MW provides a bias. We see now that there is no conflict between the various hypotheses put forward to explain the salinity anomalies: air-sea interaction (POLLARD and PU, 1985 ; and this paper), advection round the subpolar gyre (DICKSON, MEINCKE, MALMBERG and LEE, 1988) , downward pumping of salt beneath the NAC (ARHAN, 1990) and mixing with MW (e.g. ELLETT, EDWARDS and BOWERS, 1986; HARVEY, 1982 and this paper (Fig. 4) . ENAW T we believe to be warmer (> 13°C) WNAW that flows east in the Azores Current then breaks off to the north (POLLARD and PU, 1985; RIOS, PEREZ and FRAGA, 1992 .
From the progression of the maximum salinity anomalies (Fig. 7) westward from line Z at 43°N to line W at 45°N, we have inferred that both ENAW T and ENAW p recirculate to the west in a pattern similar to that given by HELLAND-HANSEN and NANSEN (1926) . But there is also evidence for a poleward eastern boundary current, particularly in satellite images (e.g. PINGREE and LE CANN, 1990 It is interesting to compare our description of the circulation with that of MCCARTNEY and TALLEY (1982) . They describe the cyclonic circulation around the subpolar gyre, and the gradual cooling and freshening of Subpolar Mode Water from Central Water characteristics down ultimately to LSW. Modification in that cyclonic circulation is irreversible (LSW cannot revert to NACW) and caused by cooling right round the cyclonic path. We have concentrated on the anticyclonic circulation south of the NAC (also discussed by MCCARTNEY and TALLEY, 1982 ), but we have the major benefit of a wide area synoptic data set). The anticyclonic recirculation is quite different from the cyclonic. It is split into two gyres, the weakly circulating anticyclonic gyre northeast of the Azores and the subtropical gyre south of the Azores, joined only by weak subduction near the Azores. Water mass modification is reversible, in the sense that the water remains NACW, although its θ/S characteristics fluctuate back and forth over many years. This is the case because the anticyclonic gyre is in a region of downward Ekman pumping allowing subduction, so that winter cooling is only possible in the northeast of the circulation region, and the changes induced by that cooling can be balanced by advection of fresher water by the NAC.
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